INTRODUCTION
Signaling through heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs) controls a vast number of physiological processes, ranging from the action of hormones and neurotransmitters to cell migration and differentiation (1) . The disruption of GPCR signaling frequently contributes to various pathophysiological conditions, including cancer, neurological disorders, and metabolic syndromes (2) (3) (4) (5) . As such, GPCRs are among the most successful and tractable drug targets, and they account for about 30 to 40% of the medications currently on the market (6, 7) . Despite their importance, there are substantial challenges in understanding the mechanisms of GPCR signaling, as well as the actions of drugs on these receptors. Perhaps one of the biggest unresolved questions is to understand how GPCRs receive, encode, and convert diverse extracellular cues into a precise set of signaling reactions that change cellular responses in a characteristic fashion. There are more than 800 GPCRs encoded in mammalian genomes, and there is likely an even greater number of stimuli that they respond to. However, the activation of an individual receptor generates a distinct message that the cells can distinguish from others.
In the canonical model, GPCR signaling is initiated when a ligandbound receptor activates heterotrimeric G proteins on the inner leaflet of the plasma membrane by catalyzing the exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) on the G protein a subunit (Ga), causing it to release the Gbg subunits (which form a single unit). Both GTPbound Ga and free Gbg subunits transduce the signal by engaging intracellular effector molecules until the GTP is hydrolyzed and the subunits reassociate (8) . In addition to activating G proteins, GPCRs can also engage barrestin scaffolds that can transmit a signal independently of G proteins (9) . This signaling model was substantially revised to account for the discovery that GPCRs exhibit functional selectivity, which manifests in the activation of different pathways depending on the nature of the ligand, the interactions that receptors are engaged in, or both (10, 11) . It is thought that this signaling flexibility is determined by the ability of GPCRs to adopt various conformational states that translate into differential interactions with molecules downstream of the receptors that transduce signals (12) .
One of the best examples of the functional selectivity of GPCRs is the differential engagement of G proteins versus b-arrestins in a ligand-directed fashion (11) . Whereas G protein versus b-arrestin selectivity provides an important insight into the mechanisms that generate signaling diversity, our understanding of the whole spectrum of the functional selectivity of GPCRs is still in its infancy, and many rules and mechanisms have yet to be determined. Defining the functional selectivity of GPCRs will help to explain the unique "code conversion" process for individual receptors that supports their distinct effects on cellular physiology. Furthermore, there is a growing appreciation that this selectivity could be exploited pharmacologically by designing biased, small-molecule agonists and modulators to extend the precision of therapeutic interventions (13, 14) .
All known GPCRs share the ability to activate G proteins, and this step is likely the largest source of functional selectivity (15) . Mammalian genomes contain 16 different genes that encode Ga subunits, which serve as direct targets of the guanine nucleotide exchange factor (GEF) activity of GPCRs, and an equally diverse repertoire of Gbg isoforms that facilitate Ga activation (15, 16) . Whereas different Gbg subunits are thought to be functionally interchangeable (17) , Ga subunits display distinct and nonredundant properties, regulating various effectors and thus consequently defining a host of cellular responses (1, 18, 19) . It is common to downplay the actual diversity of Ga subunits, grouping all GPCRs into four large, functional classes according to the family of Ga subunits that they are assumed to activate most effectively, that is, G i/o , G q/11 , G s , and G 12/13 . However, rapidly growing evidence indicates that many GPCRs can couple to multiple G proteins across classes and that their ability to activate individual members of even the same class can vary substantially (20) (21) (22) (23) . This evidence, combined with reports that the coupling of GPCRs to G proteins is influenced by the ligands (23) (24) (25) (26) (27) and possibly by the interacting partners of GPCRs (28) , paints a far more complex picture in which GPCRs likely use a multivalent and flexible code based on their G protein coupling selectivity. Although there have been several insightful reports characterizing the G protein coupling profiles of GPCRs (29) (30) (31) (32) , most attempts were limited by the narrow range of the G proteins that were used or by indirect evaluations, which has left the functional selectivity of most GPCRs across their various G protein targets virtually unexplored.
Here, we revealed the complex profiles of functional bias with which GPCRs activate G proteins. We applied a quantitative and systematic interrogation of GPCR activity across an exhaustive spectrum of G proteins in live cells to generate comprehensive substrate preference maps for representative receptors. Determining both the kinetics and extent of G protein activation enabled us to independently sample the catalytic activities of GPCRs and their signaling efficacy toward various target G proteins. We report that various GPCRs have distinct profiles of G protein engagement, both in terms of signaling kinetics and the extent of activation, effectively generating characteristic signatures, or "fingerprints." We demonstrated that these GPCR fingerprints exhibited clear functional bias and were differentially affected by receptor ligands and intracellular signaling modulators. These findings open up the exploration of the selective effects produced by GPCR activation and may help in understanding how the diversity of signaling by GPCRs is generated.
RESULTS

Comprehensive real-time monitoring of GPCR activity toward multiple G proteins in live cells
Few, if any, individual GPCRs have been evaluated for their ability to activate an exhaustive set of possible G protein targets with quantitative discrimination. We reasoned that because the GPCR-catalyzed dissociation or rearrangement of G protein heterotrimers, which then leads to the exposure of their effector-binding surfaces, is a key event in the activation of all G proteins, a suitable approach would have to rely on monitoring transitions in the heterotrimer. Among several previously proposed strategies (33-35), we favored monitoring Gbg release (36) because of its universality and the ability to avoid the need to modify the GPCRs or Ga subunits, which may substantially impede their physiological states and make quantitative comparisons between individual pairs of GPCRs and G proteins difficult, if not impossible. This strategy monitors changes in agonist-induced interactions of Venus-tagged Gbg with the reporter, an effector-like peptide derived from G protein-coupled receptor kinase 3 (GRK3) tagged with Renilla luciferase (Rluc) by bioluminescence resonance energy transfer (BRET). Although measuring Gbg release with this approach has been useful for assaying select G proteins (37, 38) , the rather weak and noisy nature of BRET signals has prevented the detection of low-efficiency reactions while limiting the throughput, the temporal resolution, and the quantitative accuracy needed for comparative profiling of GPCR activities on many G proteins.
To make such analysis possible, we used a NanoBRET strategy, by fusing the engineered blue-shifted bright luciferase from Oplophorus gracilirostris (Nluc) (39) to the lipid-modified reporter peptide GRK3ct (masGRK3ct-Nluc), and studying its interactions with Venus-tagged Gb 1 g 2 (Fig. 1A) . The introduction of Nluc into human embryonic kidney (HEK) 293T/17 cells markedly increased the luminescence signal and improved the variability and reproducibility of the agonist-induced signal (Fig.  1, B and C, and fig. S1 , A to E), making it possible to reliably record kinetics with millisecond resolution (fig. S1, F and G) . The improvement in the signalto-noise ratio was so pronounced that we could even resolve signals from previously intractable G proteins and GPCRs, for example, signaling through G 12/13 proteins ( fig. S1H) (40) . Finally, we benchmarked the NanoBRET sensor approach against the electrophysiological detection of G protein activation by monitoring the activity of a G protein-coupled inwardly rectifying K + (GIRK) channel (fig. S1, I to K), an ion channel that is directly gated by Gbg subunits and is ubiquitously used to assess GPCR signaling in native cells and reconstituted systems (41) . When constructs were ectopically expressed in HEK 293T/17 cells, we obtained very similar kinetics for the GPCR-driven responses between NanoBRET biosensors and the patch clamp recordings (fig. S1, I to K). Indeed, the activation rates that we observed were very similar to those of GPCR-stimulated GIRKs in native cells (42, 43) , suggesting that the conditions of this assay closely match the in vivo setting. This finding further demonstrates the ability of the system to resolve the fast, physiologically relevant kinetics of GPCR signaling.
We extended this approach to reconstitute signaling to monitor the activity of 14 different G proteins, thereby covering essentially the entire repertoire of mammalian Ga subunits with the exception of the sensory G proteins of the G t subfamily (gustducin and the rod and cone transducins), which have very restricted expression profiles, and G 12 , which we were unable to reconstitute (Fig. 1D and figs. S2 to S4). The following optimization steps were applied to reconstitute these systems. First, we found that Ga 15 , Ga 14 , and Ga olf required coexpression with the molecular chaperones Ric-8A or Ric-8B (44, 45) for the formation of functional G protein complexes ( fig.  S2 ). Second, we optimized the stoichiometry of Ga and Venus-Gbg by titrating the amount of Ga subunits against a constant amount of VenusGbg for all pairs and then choosing the transfection condition that resulted in the lowest basal BRET ratio and the highest maximum amplitude for each G protein ( fig. S3 ). Finally, for each of the G protein and GPCR combinations, we ensured the specificity of the change in BRET signal by the application of appropriate receptor antagonists, which effectively reversed the signal ( fig. S4 ).
Under these optimized conditions, the localization of Venus-Gbg on the plasma membrane was dependent on its coexpression with the Ga subunits, which ensured that there were stoichiometric ratios of subunits in G protein heterotrimers that could be activated by GPCRs at the plasma membrane ( fig. S5 ). Consistent with this observation, we detected no change in the BRET signal upon applying agonist to cells that did not express exogenous Ga subunits, indicating that the signal in our system was specifically driven by the Ga subunits that were expressed ( fig. S6) . Furthermore, the abundance of Venus-Gbg in cells transfected with plasmids encoding different Ga subunits was similar to the amount of endogenous Gbg present in the cells ( fig. S7 ), suggesting that our experimental conditions were close to being physiological. Furthermore, with all of the GPCR-Ga combinations that we tested, the application of a saturating concentration of agonist did not produce a saturated BRET response, as determined by referencing the agonist-induced signals against signals in the presence or absence of Ga ( fig. S8 ), indicating that relative differences in the strengths of signals generated by different combinations of receptor and Ga subunit could be evaluated in this system. Thus, this assay enables the direct comparison of the efficacy and activation kinetics of most of the G proteins in a live cell. Independent assessment of GPCR functional activity by measuring the efficacy and kinetics of activation for individual G proteins
For our initial experiments, we chose the wellstudied M3 muscarinic acetylcholine (ACh) receptor (M3R) because of its reported diversity of G protein activation and its substantial clinical relevance (46) . Measurement of the maximal BRET response amplitudes, which were stimulated by a physiological agonist for this receptor, ACh, revealed a distinct profile of its G protein selectivity (Fig. 1E) . The use of a saturating concentration of agonist to achieve total receptor occupancy enabled us to approximate the efficacy of the ligand-GPCR pair on each of the G proteins by measuring the amplitude of the maximal response. Under these conditions, the M3R coupled to 10 of the 14 G proteins tested, including all members of the G i/o and G q families, but it had no activity toward G s or G 12/13 proteins. We unexpectedly found that M3R activated G i/o proteins to a greater extent than it activated G q proteins, despite it being generally considered a G q -specific GPCR. Indeed, of all of the G proteins tested, G oA was activated by the M3R to the greatest extent (Fig. 1E) . To obtain further insights into this observation, we performed classical dose-response studies to compare the dependence of the M3R-mediated activation of G oA and G q on the concentration of ACh (Fig. 1F) . As expected, ACh was more potent at activating G q (~190-fold) than it was at activating G oA [EC 50 (median effective concentration), 2.4 ± 0.1 × 10 −8 M and 4.5 ± 0.9 × 10 −6 M, respectively]. However, the efficacy of G oA activation by the M3R exceeded that of G q activation by~30% (BRET maximum amplitude, 0.082 ± 0.014 versus 0.058 ± 0.006). These findings suggest that the efficacy and potency of M3R-generated responses may be differentially determined by the identity of the G protein to which the receptor couples. 
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(Gq-coupled receptor) Fig. 2 . Characteristic profiles of G protein activation distinguish various GPCRs from each other. Several GPCRs that belong to different subfamilies were examined for the specificity of their G protein coupling by measuring two parameters: maximum amplitude of the BRET signal (red) and activation rates (blue). Cells expressing the M3R, b 2 AR, BDKB2R, or D2R were activated by saturating concentrations (100 mM) of their respective endogenous agonists: ACh, adrenaline, bradykinin, and dopamine. The data reflecting maximum BRET amplitude and activation rate are plotted as relative activity values after normalization against the G protein species that exhibited maximal activity. Data are means ± SEM of four to six experiments.
Considering that GPCRs serve as GEFs for heterotrimeric G proteins and thus act to accelerate their activation, we next assessed the kinetics of the response onset as a more direct proxy of the catalytic activity of the receptor. We quantified the activation rate constant 1/t (s
) across different G proteins by fitting traces with a single exponent function (Fig. 1G ). In this kinetic domain, the M3R had the largest effect on the activation of the G q family members G q and G 11 , which were activated the fastest (5.9 ± 0.3 s −1 and 5.7 ± 0.2 s
, for G q and G 11 , respectively), which was followed by G 14 and G 15 ). Note that the difference in the kinetics of activation of G oA and G q by the M3R was consistent with the corresponding difference in their potencies, which suggests that potency differences are underpinned by differences in the catalytic GEF activity of GPCRs toward target G proteins (Fig. 1, F and H) . By contrast, the efficacies measured in our assay likely reflect the extent of heterotrimer dissociation (Fig. 1, F and H) .
The observation that the kinetics of G protein activation do not necessarily correlate with the maximal amplitude of activation emphasized the importance of determining both parameters when examining the G protein selectivity of GPCRs. For example, the M3R produces different fingerprints depending on the reaction time (Fig. 1I ). Assessing the activity during the initial phase (~1 s) showed that M3R primarily activated G q , G 11 , G 14 , and G 15 , whereas the activation of G i/o became more prominent as the system reached steady state upon prolonged stimulation with agonist ( Fig. 1I ). We therefore conclude that kinetic considerations together with steady-state measurements of receptor efficacies form a characteristic GPCR fingerprint that is sufficient for the comprehensive interpretation of the functional activity and selectivity of the GPCR.
Distinct G protein activation fingerprints of GPCRs
To better understand the scope of differences in the coupling of GPCRs to their various target G proteins, we evaluated the fingerprints of representative receptors, including the dopamine D2 receptor (D2R), the b 2 adrenergic receptor (b 2 AR), and the bradykinin B2 receptor (BDKB2R), which are classically defined as coupled to G i , G s , and G 12/13 family members, respectively, and compared them to the fingerprint of the G q -coupled M3R. For each chosen receptor, we measured both the maximal response amplitude that was induced by a saturating concentration of an endogenous agonist and the activation kinetics across the entire panel of G proteins. The data revealed distinct coupling profiles for each of the tested receptors (Fig. 2) .
Similar to the M3R, the pattern of G proteins mobilized by b 2 AR was complex and covered three classes and seven types of G proteins. We found that, in addition to coupling to the G s isoforms and G olf , the b 2 AR exhibited substantial coupling to G 15 , G o , and G z ; however, we were unable to find any evidence of the coupling of the b 2 AR to G i1 , G i2 , or G i3 . In terms of activation kinetics, the b 2 AR activated G s and G olf proteins more quickly than it activated the others, which again revealed the dissociation of the maximal extent of activation from the timing of activation across its target G proteins. Yet another pattern was exhibited by the BDKB2R, which efficiently coupled to all members of the G i/o , G q , and G 12/13 families, but not the G s family, with characteristic differences between individual G proteins (Fig. 2) . Again, this receptor exhibited disproportionately faster activation of G q and G 11 , with less rapid activity toward G 14 , and markedly slower activation of other G protein types. Consistent with expectations, we found that D2R coupled exclusively to members of the inhibitory G i/o family, eliciting the greatest response through the G o isoforms, which were followed by G i1 , G i2 , G i3 , and G z . In this case, the activation kinetics matched this pattern, suggesting that, in contrast to other tested receptors, the extent and timing of G protein activation by the D2R are proportionately scaled across its G protein targets. Overall, our analysis of several receptors revealed diverse profiles of their G protein selectivity with distinct characteristics in terms of the efficacy and timing of their G protein activation.
Shaping GPCR fingerprints by intracellular regulators of G protein signaling
In native cells, G protein signaling is substantially shaped by various regulators that directly or indirectly influence the strength, kinetics, or both of the GPCR responses (28) . Because these signaling regulators exhibit tissueand cell-specific patterns of expression, we hypothesized that they may contribute to establishing selective GPCR signaling patterns. To determine whether these factors markedly influenced GPCR fingerprints, we focused on two families: regulators of G protein signaling (RGS) proteins (47) and activators of G protein signaling (AGS) proteins (48) . Representative members of these families, RGS8 (49) and AGS1 (50) , are well characterized to serve as GTPase-activating proteins and GEFs, respectively.
Introduction of RGS8 into the HEK 293T/17 cells substantially changed the profile of M3R signaling (Fig. 3A) . RGS8 suppressed the BRET signal generated specifically by all G i/o family members, with the exception of G z , relative to the signals of other G proteins. At the same time, RGS8 increased the activation speed of the response through the G i and G o proteins, consistent with the known behavior of RGS proteins (49, 51) . This RGS protein selectively muted M3R signaling through G i/o family members while making the responses faster. To investigate the mechanistic underpinning of the effects produced by RGS8, we examined the deactivation phase of the BRET response after the addition of the muscarinic antagonist atropine. Analysis of the reaction time course indicated that RGS8 substantially accelerated the deactivation of G o but had no effect on the deactivation kinetics of G 15 (Fig. 3, B and C) . Complete profiling of the deactivation kinetics of the M3R in the presence and absence of RGS8 further revealed asymmetric effects of this protein on the termination of signaling through different G protein substrates (Fig. 3D and fig. S9 ). These data suggest that RGS8 exerts changes in the fingerprint of the M3R by selectively accelerating G protein deactivation.
In addition to their function as receptor-independent GEFs, several AGS proteins are also capable of modulating GPCR-stimulated responses in vivo (52) . Hence, we tested their effect on GPCR fingerprints, focusing on a representative member of the family, AGS1. AGS1 had a very similar effect on the M3R fingerprint in respect to the effects on the amplitude as that of RGS8, but did not change the G protein profile of the M3R in terms of activation kinetics (Fig. 3A) . However, investigation of the effect of AGS1 on the time course of the BRET response revealed a different mechanism. Consistent with its activity as a GEF, AGS1 increased the basal BRET ratio for the G o , but not G q , proteins (Fig. 3, E and F) . The degree of this effect varied across other G protein types, with the most prominent influence of AGS1 being on the G i/o proteins and the least effect (or no effect) being on the G q proteins (Fig. 3G) . Thus, the ability of AGS1 to change the M3R fingerprint likely originates from its competition with the receptor for binding to some G proteins, because the activation of G proteins by AGS1 makes them unavailable for coupling to M3R. Together, these data suggest that intracellular regulatory molecules change the hierarchical order of G protein coupling through distinct molecular mechanisms and that the differential abundances of these molecules in various cells likely shape the specificity of the G protein coupling of GPCRs.
Biasing the G protein activation profiles of muscarinic receptors by synthetic ligands
Ligand-directed signaling, in which the relative engagement of downstream pathways is dependent on the nature of the agonist, is becoming an accepted mode of GPCR function (10, 53) . We therefore investigated whether this signaling bias could be initiated, at least in part, at the level of differential G protein engagement. To address this question, we first used our fingerprinting approach to profile the activity of the M1 muscarinic ACh receptor (M1R), which has become a prominent target for the treatment of Alzheimer's disease and schizophrenia and has spurred the development of wellcharacterized ligands with distinct properties (54, 55) . We compared the action of the endogenous physiological ligand ACh to an orthosteric agonist, oxotremorine-M (OXO-M) (56), and a highly selective M1R bitopic agonist,
, which bind to topographically distinct sites, the orthosteric and allosteric sites, respectively (Fig. 4) (57) . The results showed that ACh and OXO-M produced virtually indistinguishable profiles in respect to their effects on both the amplitude and kinetics of the response (Fig. 4A) . However, the G protein activation profile stimulated by TBPB was markedly different (Fig. 4A) . TBPB completely failed to support the activation of G o , G i1 , G i2 , or G i3 (Fig. 4, A and B) ; however, TBPB still efficiently activated G q , G 11 , G 14 , and G 15 proteins (Fig. 4, A and C) . At the same time, signaling through G z remained the same as with ACh and OXO-M. Another selective effect of TBPB was a decrease in the rate of G 15 activation in comparison to that of G 14 , without changing the ratio of their maximal activation. Furthermore, the effects of TBPB persisted even when it was coapplied with ACh because it was capable of overwriting the ACh-dependent fingerprint of M1R (Fig. 4A) , suggesting that the bias in G protein usage caused by TBPB is likely to contribute to its unique pharmacological profile in vivo. TBPB similarly inhibited the OXO-M-mediated coupling of M1R to G oA , but not G q ( fig. S10, A and B) .
To investigate the mechanism of the TBPB-directed bias, we applied ACh and TBPB to the same cells, which were reconstituted with either G oA or G q (Fig. 4, B to E) . When performing the analysis in parallel, we found that both agonists elicited responses with similar amplitudes in the G q -based system (Fig. 4, C and D) . However, the activation kinetics of G q was markedly slower in response to TBPB than in response to ACh (Fig. 4,  C and E) . Despite the greater efficacy of activation of G oA compared to that of G q , its onset kinetics were markedly slower than those for G q , when ACh was used (Fig. 4, D and E) . Accordingly, the slower G protein activation velocity by TBPB-stimulated M1R was insufficient to sustain the activation of G oA (Fig. 4B) . We further examined the relevance of ligand-directed differential G protein activation to endogenous signaling with cultured hippocampal neurons that express M1R at high abundance (58, 59) . In this system, we monitored the opening of GIRK channels (Fig. 5A) , which are selectively sensitive to the activation of G i/o proteins (60) . Consistent with its ability to activate G i/o proteins, application of the M1R agonist OXO-M induced a substantial amount of inward GIRK current (Fig. 5, B and C) . Removal of the agonist resulted in the return of the current flow back to baseline because of channel closure. The kinetics of the activation and inactivation of the response closely matched the expected behavior of GIRK channels in these neurons, which is observed upon activation of various G i/o -coupled GPCRs (61) .
In contrast, the application of TBPB, which did not activate G i/o class proteins in the BRET fingerprinting assay, failed to produce GIRK-mediated inward currents (Fig. 5, B and C) . Furthermore, and consistent with the BRET experimental data ( fig. S10, C and D) , TBPB also inhibited GIRK currents elicited by OXO-M when both ligands were coapplied to the neurons. These effects were specific to the application of agonist, and no change in channel gating was evident in response to the application of medium containing a high potassium concentration, which nonspecifically increased the ion flow from inward rectifier K + channels (Fig. 5D) . Thus, the analysis of agonist-driven G protein bias by BRET fingerprinting can be extrapolated to understand the behavior of an endogenous system. At a mechanistic level, these data support the notion that binding of ligand to the allosteric pocket of the M1R is capable of inducing a distinct conformational change in the GPCR (12) , which likely generates distinct conformational changes in the cytoplasmic region of the receptor, thus altering its G protein specificity. The data further suggest that the ability of GPCR ligands to bias the selection of G proteins may be related to the ability of these ligands to induce conformational states in the receptor that affect the catalytic efficiency of the receptors toward G proteins, rather than modulating the activation extent of individual G proteins.
Ligand-biased G protein agonism in the opioid receptor family
We further asked whether another functional class of ligands, antagonists, might also exhibit bias when sampled across the entire gamut of possible G protein targets, as opposed to simply being inert competitors of agonists. For these studies, we evaluated the m-, d-, and k-opioid receptors (MOR, DOR, and KOR, respectively), which play essential roles in nociception and have resulted in the availability of a diverse pharmacology, including naloxone, which is commonly used to reverse opioid overdose, but is also used for the treatment of addiction and for chronic pain management in combination with partial agonists (62, 63) . Naloxone binds to all of the opioid receptors with high affinity, and it is commonly described as a competitive antagonist (64) . To see whether naloxone acted as a true antagonist across multiple G protein species, we compared its effects with those of physiologically relevant endogenous agonists on the three opioid receptors (Fig. 6 and fig. S11 ). Stimulation of MOR, DOR, and KOR with their respective endogenous agonists, endomorphin-1, enkephalin, and dynorphin A, produced similar fingerprints showing differential activation of G o , G i1 to G i3 , G z , and G 15 proteins. As expected for a pure antagonist, naloxone did not stimulate DOR to activate any G proteins ( fig. S11 ). In contrast, we detected weak, but consistent, signals from multiple G proteins when naloxone was applied to cells expressing MOR or KOR (Fig. 6) . Furthermore, we saw evidence of differential G protein engagement by the two receptors, which suggests that naloxone exerts functionally biased effects. When exposed to MOR, naloxone activated both G o and G z but completely failed to engage G i1 , G i2 , G i3 , or G 15 (Fig. 6, A to C) . However, when exposed to KOR, naloxone induced the activation of all of the G i/o proteins, but not G 15 . Naloxone also changed the relative activation rates of Ga subunits and produced activation rate fingerprints that are different from the dynorphin A-induced fingerprint (Fig. 6, D to F) , which suggests that naloxone is not just a weak agonist but it also induces KOR to adopt a conformation that differs from that of the dynorphin A-bound KOR.
To determine the relevance of the varying fingerprints produced by naloxone to the ability of the opioid receptors to modulate endogenous intracellular signaling pathways, we examined the effects of naloxone on intracellular cyclic adenosine monophosphate (cAMP) concentrations. We used an Epac (exchange protein activated by cAMP)-based BRET sensor to study the real-time kinetics of changes in cAMP production in HEK 293T/17 cells in response to the stimulation of the b 2 AR by its agonist isoproterenol (Iso). In this paradigm, the activity of the G i/o -coupled opioid receptors was assessed by their ability to suppress Iso-mediated increases in cAMP concentration (Fig. 7A) . First, we established that pretreatment of the cells not expressing exogenous opioid receptors with naloxone did not change the time course or extent of the change in the BRET signal caused by Iso (Fig. 7B) . In contrast, pretreatment of MOR-or KOR-expressing cells with naloxone inhibited the Iso-induced generation of cAMP, whereas no such effect was evident in DOR-expressing cells (Fig. 7, C to F) . These observations are consistent with the fingerprinting data, which suggested that naloxone stimulated the activation of G i/o proteins through MOR and KOR and that KOR exhibited stronger coupling to G i proteins when compared to MOR (Fig. 6) . Thus, the traditional opioid receptor antagonist naloxone 
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GoA Gi1 appears to be a biased agonist that differentially affects signaling across different opioid receptor types. Together, these observations highlight the value of examining the entire spectrum of G protein selectivity with respect to kinetics and signaling extent for revealing previously uncharacterized actions of these ligands.
DISCUSSION
Here, we revealed the complexity of the mechanisms by which GPCRs convert extracellular signals into G protein activation. We demonstrated that these receptors have distinct patterns of activity and differentially engage multiple G proteins with characteristic signatures, which we call fingerprints. Indeed, individual receptors could be distinguished by their distinct profile of G protein activation, which we separately evaluated in terms of both signaling efficacy and kinetics. Furthermore, these GPCR fingerprints showed distinct functional bias in terms of G protein engagement depending on the chemical identity of the ligand activating the receptor and on the intracellular environment.
Characterizing GPCR actions through the direct monitoring of both activation kinetics and response magnitude toward multiple G protein targets
We obtained mechanistic insight into selectivity of GPCRs by quantifying the kinetics of G protein activation. GPCRs catalyze the conversion of the inactive G protein heterotrimer into active Ga-GTP and Gbg species. Therefore, measuring the rate of this reaction represents perhaps the most direct proxy of the catalytic activity of GPCRs. We found that the activation rates of different G proteins by the same GPCR varied substantially and that the relative speeds with which various G proteins were activated contributed to the characteristic signature of a GPCR. Thus, in our studies, the catalytic efficiency of a GPCR was defined by measuring its activation rate constants 1/t (s
) for different G proteins, which were used to determine the relative selectivity of the GPCR.
Because individual G protein subunits have distinct functional characteristics, directly monitoring their activation offers clear mechanistic and prognostic advantages over examining changes in downstream signaling reactions, which are pervasively used to assess GPCR function (65) . Although the activation rates serve as a proxy for the GEF activity of GPCRs, maximal BRET amplitudes are influenced by the propensity of different heterotrimers to liberate Gbg subunits (which depends on the affinity between Ga and Gbg), which substantially determines the efficacy of the measured responses (66) . Furthermore, we observed that G protein activation rates did not necessarily correlate with the maximal extent of their engagement by a given GPCR. Thus, a receptor can catalyze a very fast response of limited extent through one type of G protein while at the same time supporting a slow, but large, response through another. This property may vary with the identity of the receptor and the ligand that activates it, generating distinct profiles in terms of both the kinetics and magnitude of G protein activation, a distinction that is lost when the reaction is monitored by measuring end points of downstream signals.
Another limitation associated with the use of the downstream signaling measurements to assess GPCR function is the inability to compare the efficacies of responses mediated by different G proteins. In the context of the classical receptor occupancy model, efficacy is considered an intrinsic property of the ligand and receptor pair, and it is customarily assumed to be the same for all responses elicited by the pair (67) . Therefore, for practical purposes, the efficacies of GPCR ligands are frequently assessed indirectly by their ability to affect downstream signaling reactions (for example, cAMP accumulation, mitogen-activated protein kinase activation, Ca 2+ mobilization, or gene expression regulation) or by the binding of nonhydrolyzable GTPgS to G proteins with little regard for G protein heterogeneity. Our observations reveal that all tested GPCRs couple to multiple G proteins with different efficacies, suggesting that this parameter might be substantially influenced by the intrinsic properties of the individual G protein subunits that couple to a particular GPCR. This finding calls for the consideration of the identity of the target G proteins when determining the efficacies of GPCR ligands.
Pharmacological implications of exhaustive G protein profiling
We propose that the characterization of GPCR activity in respect to both the kinetics and extent of G protein activation has the following implications. First, it will aid in the process of distinguishing between and predicting the signaling consequences of phasic and tonic neurotransmission mediated by different receptors. Indeed, the timing of signal transmission events is broadly modulated under various physiological and pathological conditions (4, 68) . Our analysis showed that even when the signal transmission was mediated by the same receptor, it could lead to the engagement of different G proteins depending on the duration of action of the neurotransmitter or hormone. Thus, GPCRs have an intrinsic ability to dynamically adjust response properties over time, engaging different sets of G proteins in response to acute versus chronic stimulation situations.
Second, it seems important to consider the signaling bias among the entire range of G proteins in drug development campaigns. Although the duration of action of small-molecule drugs cannot be easily controlled on the time scale of receptor activation, knowing the assortment of G proteins that they can activate might be helpful in designing agonists with targeted properties. For example, we found that the M1R allosteric agonist TBPB elicited different profiles of G protein activation than those of the endogenous agonist ACh or the orthosteric agonist OXO-M. Although the full range of the behavioral effects of TBPB remains to be established, it clearly has antipsychotic-like activity and shows efficacy in decreasing Ab production (57) , which suggests that these beneficial effects likely arise from the distinct and selective set of G proteins that TBPB enables M1R to activate. Similarly, the highly selective agonistic properties of naloxone toward opioid receptors may underlie the success of its use as an adjuvant for weak opioid agonists for the management of pain and dependence (62, 63) , and this can likely be exploited further. Thus, it is conceivable that optimal therapeutic efficacy could be achieved through the selective activation of only a subset of the G proteins within the repertoire of a GPCR, possibly circumventing adverse side effects.
G protein coupling diversity and GPCR signaling in native environment
Traditionally, GPCRs have been thought to establish their signaling specificity by coupling to a single class of G proteins; however, there is growing evidence that several GPCRs activate multiple G proteins in native cells. One of the best-documented cases is provided by the b 2 AR. In cardiac myocytes, b 2 AR couples to both G s and G i proteins to regulate the contraction rate and stimulate a prosurvival response, respectively (69, 70) . This dual coupling of the b 2 AR appears to be also preserved in macrophages (71) . Another, perhaps more extreme, example is provided by the thyrotropin receptor, which couples to members of all four G protein subfamilies in native thyroid cells (72) . Although direct evidence is limited, it seems that many GPCRs may couple to multiple G proteins both in vivo and in vitro (73) . Thus, the quantitative strategy for the exhaustive analysis of the G protein coupling profiles of GPCRs in the model environment that we have introduced in this study will likely be useful for understanding the spectrum of GPCR responses by extrapolating these observations to the native environment.
It is very likely that, in native cells under physiologically relevant conditions, a range of factors influence the responses of GPCRs. First, in many cells, several G proteins are present at the same time and thus are potentially competing for activation by the receptor. Second, native cells usually have varying abundances of different G proteins, which further amplify responses through some G protein species, but dampen responses through others. In extreme cases, some G proteins might be present at negligible amounts, even if they couple with the highest efficiency to a particular GPCR. In addition, the repertoire of Ga subunits may also vary throughout development, which could contribute to changes in the nature of the responses to stimulation of a GPCR (74, 75) . Third, a host of differentially abundant intracellular factors, such as RGS, AGS, and Ric-8 proteins, can further shape GPCR fingerprints. These considerations suggest that the GPCR fingerprints in native cells are likely more complex than anything that could be modeled in our reconstituted systems. Nevertheless, our approach enables us to begin the elucidation of this complexity by surveying the intrinsic properties of receptors in terms of their G protein coupling characteristics in an environment largely devoid of complicating factors. Essentially, we are proposing a means of assaying the innate target preferences of individual GPCRs in a model environment. In other words, our overexpression system identifies those G proteins that could be activated by a given GPCR, but this coupling may not necessarily happen in native cells. Making use of these profiles to understand the signaling reactions stimulated by GPCRs in native cells will ultimately require knowing the full repertoire of G protein subunits and their regulators that is available in each individual cell of interest, as well as their relative abundances. Together, gene expression information obtained through single-cell genomic approaches and intrinsic GPCR coupling profiles should be sufficient to predict the consequences of GPCR activation. We think it likely that the next generation of drug development efforts for GPCRs will need to take this information into account and consider the desired shape of the GPCR responses in the context of the specificity of the receptors and the particular molecular landscape of the therapeutically relevant cells.
Conclusion
In summary, we demonstrated the existence of another dimension of functional bias by GPCRs: the differential engagement of multiple target G proteins, which was revealed by quantitative analysis of the extent of G protein mobilization and their activation kinetics by the receptors. We hope that profiling GPCRs for their biased coupling to G proteins with our exhaustive fingerprinting technology will prove useful for understanding the physiological functions of GPCRs and the diversity of their cellular effects, as well as for drug discovery.
MATERIAL AND METHODS
Genetic constructs for reporters, receptors, and G proteins pcDNA3.1+ plasmids encoding the M3R, b 2 AR, BDKB2R, DOR, and KOR were purchased from the Missouri S&T cDNA Resource Center.
Cell culture and transfection
HEK 293T/17 cells were chosen because of their high transfection efficiency (79) . The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, minimum essential medium nonessential amino acids (Life Technologies), 1 mM sodium pyruvate, penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37°C in a humidified incubator containing 5% CO 2 . Culture dishes (6 cm) were coated by incubation for 10 min at 37°C with 2.5 ml of Matrigel solution [growth factorreduced Matrigel (BD Biosciences) at about 10 mg/ml in culture medium]. For transfections, cells were seeded in the 6-cm dishes containing the Matrigel solution at a density of 4 × 10 6 cells per dish. We found that Matrigel decreased the toxicity of the DNA-transfection reagent complex without affecting transfection efficiency. Four hours later, the cells were transfected with the appropriate expression constructs (total of 7.5-mg DNA per dish) with the reagents PLUS (7.5 ml per dish) and Lipofectamine LTX (12 ml per dish). The cells were transfected with the Venus 156-239-Gb (0.42 mg), Venus 1-155-Gg 2 (0.42 mg), and masGRK3ct-Rluc8 (0.42 mg) or masGRK3ct-Nluc (0.42 mg) constructs in addition to the different amounts of constructs for the GPCR and Ga of interest. According to our observation ( fig. S2 ) that Ga 15 , Ga 14 , and Ga olf required coexpression with molecular chaperones to generate functional G protein complexes, we cotransfected cells with the following combinations of constructs: Ga 15 with Ric-8A, Ga 14 with Ric-8A, and Ga olf with Ric-8B. We used 0.42 mg of each Ric-8 construct per transfection. Cells were cotransfected with a pcDNA3.1-based construct encoding the catalytic subunit of pertussis toxin (PTX-S1) (0.42 mg) and constructs encoding Gaz, Ga 15 , Ga 14 , Ga 11 , Gaq, Ga sS , Ga sL , Ga olf , or Ga 13 to ensure that the small BRET signals were not contaminated by the possible recruitment of endogenous Ga i/o proteins. The empty vector pcDNA3.1 was used to normalize the amount of DNA in each transfection.
Primary hippocampal cultures
Primary cultures of hippocampal neurons were prepared as described previously with minor modifications (42) . All experiments with mice were performed in accordance with NIH guidelines and were approved by the IACUC (Institutional Animal Care and Use Committee) protocol at The Scripps Research Institute. Neonatal mice (days 0 to 2 after birth) were used as a tissue source.
Neurons were incubated at 37°C, 5% CO 2 , and half of the Neurobasal A/B27-based culture medium was replaced with fresh medium every 3 to 4 days. Neurons were cultured for 10 to 18 days before being used for experiments. The high-K + bath solution was applied with or without 100 mM agonist directly to the cells with a SF-77B rapid perfusion system (Warner Instruments Inc.). Current responses to the application of agonist were measured at a holding potential of −80 mV. Membrane potentials and whole-cell currents were recorded with hardware (Axopatch-700B amplifier, Digidata 1440A) and software (pCLAMP ver. 10.3) obtained from Molecular Devices. All currents were low-pass filtered at 2 kHz, sampled at 5 kHz, and stored on computer hard disk for subsequent analysis with Clampfit ver. 10.3 software. Only those experiments in which access resistances were stable and low (<20 megohms) were included in the analysis.
BRET experiments
Agonist-dependent cellular measurements of BRET between Venus-Gb 1 g 2 and masGRK3ct-Rluc8 or masGRK3ct-Nluc were performed as described previously (80) to examine the activation of G protein signaling in live cells. Sixteen to 24 hours after transfection, HEK 293T/17 cells were washed once with phosphate-buffered saline (PBS) containing 5 mM EDTA (EDTA/PBS) and were detached by incubation in EDTA/PBS at room temperature for 5 min. Cells were harvested by centrifugation at 500g for 5 min and were resuspended in BRET buffer (PBS containing 0.5 mM MgCl 2 and 0.1% glucose). About 50,000 to 100,000 cells per well were distributed in 96-well flat-bottomed white microplates (Greiner Bio-One). The Rluc substrate, ViviRen (Promega), was dissolved in ethanol at a final concentration of 20 mM and stored at −20°C. ViviRen was dissolved in BRET buffer immediately before use and added to the cell suspension at a final concentration of 20 mM. The Nluc substrate furimazine was purchased from Promega and used according to the manufacturer's instructions. BRET measurements were made with a microplate reader (POLARstar Omega, BMG Labtech) equipped with two emission photomultiplier tubes, which enabled the detection of two emissions simultaneously with the highest possible resolution of 20 ms per data point. All measurements were performed at room temperature. The BRET signal was determined by calculating the ratio of the light emitted by Venus-Gb 1 g 2 (535 nm with a 30-nm band path width) to the light emitted by masGRK3ct-Rluc8 or masGRK3ct-Nluc (475 nm with a 30-nm band path width). The average baseline value (basal BRET ratio) recorded before stimulation of cells with agonist was subtracted from the experimental BRET signal values to obtain the DBRET ratio.
Fluorescence and luminescence measurements
For luminescence measurements, 25 ml of the cell suspension (containing 50,000 to 100,000 cells) was added to each well of a white, opaque-bottom, 96-well plate. Then, 25 ml of the appropriate 2× luciferase substrate was applied (ViviRen for Rluc8; furimazine for Nluc), the cells were incubated for 3 min to enable the luminescence to peak, and total luminescence was measured with no emission filter. For fluorescence measurements, 100 ml of the cell suspension was added to each well of a black, opaque-bottom, 96-well plate. Untransfected cells (mock) were used as a blank control. Fluorescence was measured by exciting the cells at 480 nm and recording the emission at 530 nm.
Generation of a phylogenetic tree of Ga subunits
The protein sequence divergence of human Ga subunits was demonstrated by phylogenetic analysis. Human Ga subunit protein sequences were aligned, and a phylogram was generated with MEGA 6 using default parameters (81) . The GenBank accession numbers of the Ga subunits are as follows: Ga o , AF493894; Ga i1 , NM_002069; Ga i2 , AF493906; Ga i3 , M27543; Ga t1 , NM_000172; Ga t2 , AF493909; Ga gust , NM_001102386; Ga z , J03260; Ga q , U40038; Ga 11 , AF493900; Ga 14 , NM_004297; Ga 15 , AF493904; Ga s , X04409; Ga olf , AF493893; Ga 12 , NM_007353; Ga 13 , NM_006572.
Fluorescence confocal microscopy HEK 293T/17 cells were seeded onto Matrigel-coated coverslips and transfected as described earlier. After 16 to 24 hours, the cells were fixed with 4% paraformaldehyde in PBS for 20 min. The coverslips were washed once with PBS and mounted on glass slides with Fluoromount (Sigma). Microscopy was performed with a TCS SP8 confocal microscope (Leica).
Western blotting
For each sample, about 5 × 10 6 cells were lysed in 500 ml of sample buffer [125 mM tris-HCl (pH 6.8), 4 M urea, 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, bromophenol blue (0.16 mg/ml)]. Western blotting analysis of proteins was performed after samples were resolved by SDSpolyacrylamide gel electrophoresis and transferred onto membranes. Blots were blocked with 5% skim milk in PBS containing 0.1% Tween 20 (PBST) for 30 min at room temperature, which was followed by a 90-min incubation with specific antibodies diluted in PBST containing 1% skim milk. Blots were washed in PBST and incubated for 45 min with a 1:10,000 dilution of secondary antibodies conjugated with horseradish peroxidase in PBST containing 1% skim milk. Proteins were visualized on x-ray film by SuperSignal West Femto substrate (Pierce).
Data analysis
The rate constants (1/t) of the activation and deactivation phases were obtained by fitting a single exponential curve to the traces with Clampfit ver. 10.3 software (Molecular Devices). Statistical analysis was performed with GraphPad Prism software ver. 4.02.
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